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Introduction

Food-borne pathogens, including Escherichia coli, Staphylococcus aureus,
Listeria monocytogenes, Salmonella typhimurium induce a large number of serious diseases all over the world [1] . Food processing techniques may increase the risk of microbial cross-contamination of raw materials, thus the prevention of proliferation of pathogenic microorganisms has become an increasingly important issue in food production [2] . Consequently, close attention has been paid to the use of food preservatives with the aim of decreasing nutritional losses due to deleterious microbiological or chemical changes of foods, and thus prolonging shelf life. Safety concerns around the consumption of synthetic substances have attracted attention due to the potential toxicity of these substances. In recent years, people have stressed the importance of natural antimicrobials, which are generally extracted from plants and can not only prevent the growth of foodborne pathogens and spoilage microorganisms, but also enhance the flavor and quality of foods [3] .
Researchers have shown that essential oils from thyme, cinnamon bark, and lemongrass have strong antibacterial effects and are generally safe while being added to human food as food additives [4] . Cinnamaldehyde (CIN), a natural ingredient, was first isolated from cinnamon essential oils and was mainly used to impart fragrance to perfumes, food and medical products [5] . CIN has a strong antimicrobial activity, which means that CIN can suppress the growth reproduction of food borne pathogens and spoilage microorganisms [6] [7] . Previous research also revealed that the cell membrane integrity, membrane permeability and bacteria morphology may be ACCEPTED MANUSCRIPT
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4 damaged when E. coli cells are exposed to CIN [8] . Several reports have illustrated that CIN may change structure and function of cell gene in order to restrict the growth of E. coli [9] . Although plenty of relevant research has been carried out, the specific sterilization mechanism of CIN is still lacking, which limits the application of CIN.
Therefore, the purpose of this work was to provide an overview of the antimicrobial mechanisms of CIN, including the alteration of membrane fatty acid compositions, and damage to cells membrane. This work provides new information regarding the model of the interaction between CIN and DNA by using multi-spectroscopy technology and DNA docking. Such research shows that they do indeed interact and possible target positions. Overall, this work utilized several relevant research methods to explore the antimicrobial mechanism of CIN, so that the result can provide useful suggestions for relevant applications in the future. 
Materials and methods
Reagents, strains and incubation conditions
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The activated E. coli cells were then transferred to a fresh TSA-YE liquid medium (100 mL, OD 600 ≈ 0.09), and cultivated at 37 °C with shaking at 120 r/min with equal volumes of ethanol (0.52%, control) and CIN at final concentrations of 0.29mM, 0.59mM and 0.88mM, respectively. The cells were cultivated at 37 °C on a rotary shaker at 120 rpm with different concentration of CIN as above until the mid-stationary phase was achieved, and the optical density of culture was about 1.60.
After inoculation, these cultures were placed in each of four sterilized, 50 mL plastic screw-cap centrifuge tubes and then centrifuged at 4000 × g for 5 min at 4 °C in a refrigerated centrifuge (JW-3021HR, Anhui Jiaven Equipment Industry Co., Anqing, China). After removing the supernatants, the four pellets were washed twice with sterile water separately and prepared for analysis of their membrane fatty acid composition.
Analysis of membrane fatty acid composition
The cultures of E. coli (OD 600 ≈ 1.6) were centrifuged at 4000 × g for 5 min at 4 °C in a refrigerated centrifuge (JW-3021HR, Anhui Jiaven Equipment Industry Co., Anqing, China), then fresh pellets were obtained, which were used for extraction of membrane fatty acids. Fatty acids of the cell membrane were extracted according to previous studies [10] [11] . Firstly, 40 mg of fresh pellets, 1.0 mL saponification solution 
Scanning electron microscopy
The morphological observation of E. coli cells were carried out by scanning electron microscopy (SEM, Zeiss EVO18, Germany) using a procedure described in a previous study [12] . E. coli cells were fixed in glutaraldehyde (2.5% in 0.01 M phosphate buffer, pH 7.2) overnight at 4 °C. After centrifugation at 4000 × g for 5 min at 4 °C (JW-3021HR, Anhui Jiaven Equipment Industry Co., Anqing, China), the cells were washed by 0.01 M phosphate buffer twice, and then dehydrated using a gradient of different ethanol solutions (30%, 50%, 70%, 80%, 90%, 95% and 100%; 30 min each time). Afterwards, the cells were incubated in tertiary-butanol twice for 30 min, and placed on a silicon wafer prior to vacuum freeze drying (Hitachi ES-2030). Finally, the cells were mounted on aluminum stubs with double-sided sticky conductive metal tape, and gold-coated using ion sputter (Jeol JFC1100, Japan), which was operated at 10.0 kV.
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Molecular simulation
The studies of molecular docking of CIN with DNA were performed by AutoDock software with the aid of the MGL tools 1.5.6rc3 according to a previous report [13] . Before modeling the docking, the relevant crystal structure of the B-DNA was downloaded from the Protein Data Bank (ID: 5LCV), and polar hydrogen atoms and Gasteiger charges were added to the macromolecule file, which could help to optimize the model of DNA. The structure of CIN was formed by using Sybyl-x 2.0 and was optimized to minimal energy by using Gasteiger-Huckel charges. Afterwards, the CIN molecule was allowed to move over the structure of DNA with 100 runs to discover the possible binding positions. As the position of CIN-DNA with the lowest energy was discovered, it could be inferred that this position was the most possible
place where CIN-DNA interact.
Atomic force microscope
Atomic force microscope (AFM), one of the near-field microscopes, which can investigate surfaces of samples on an atomic scale without any damage, is widely used in structure -function research [14] [15] . at room temperature, 5 μL of these samples were dropped onto polished silicon wafers, and air dried overnight. Then, they were imaged by intelligent scanning mode and processed with the Nanoscope Analysis v150r1sr3 software package.
Results and discussion
Effect of CIN on membrane fatty acid composition of E. coli
Previous research had suggested that the minimum inhibitory concentration (MIC) of CIN toward E. coli was 0.31 g/L (2.35 mM) [8] . Our work reports the influence of CIN on the cell membrane by changing its concentration (0, 0.29 mM
(1/8 MIC), 0.59 mM (1/4 MIC) and 0.88 mM (3/8 MIC)). As shown in Table. CIN was absent, the UFA content was 39.97%, and the SFA content was 50.14%, respectively. As E. coli cells were exposed to CIN at 0.88mM, the content of UFA gradually decreased to 20.98% and SFA content gradually increased to 67.8%.
Moreover, it could be inferred that the majority of the increase of the SFA was due to the increase of C14:0, C16:0, C18:0. 
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A C C E P T E D M A N U S C R I P T Previous studies have confirmed that the microorganism tries to adapt to the change of environment by adjusting the proportion of SFA to UFA, which meant that the fluidity of the membrane changed, in order to protect itself [16] [17] . For example, the membrane fluidity of S. aureus changed when the cells were incubated at a high temperature. The proportion of SFA to UFA increased in order to lessen damage [13] .
The proportion of SFA in the membrane of E. coli cells gradually increased with the concentration of phenol increasing, which is a reaction that helps the organism to resist the harm of antibacterial substances [18] . The compositions of membrane fatty acids were observed to change when methanolic solutions of thymol, carvacrol, limonene, Cinnamaldehyde, and eugenol were added into growth media of Salmonella enterica serovar typhimurium and S. aureus strains [19] . Previous studies have explained that the spatial structure of SFA is relatively larger than the spatial structure of UFA, so when the proportion of SFA to UFA was increased, fluidity of E. coli decreased, which helped to resist adverse changes in the external environment [17] . It can be seen from Fig.1C that, with increasing concentration of CIN the proportion of SFA to UFA also increased. Therefore, the figures showed that the fluidity of E. coli was decreased when the cells were incubated in a high concentration of CIN.
Moreover it could be inferred that when the concentration of the CIN changed, the E.
coli cells were prone to process replacement of the fatty acids. This change in membrane structure and function may be attributed to self-protection a process which potentially occurred in order to try to resist the toxic stress induced by CIN.
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Morphological observations of E. coli cells
The morphology of cells treated in different concentration of CIN (0, 0.5 MIC, 1.0 MIC, 2.0 MIC) can be seen in Fig. 2 . As shown in Fig. 2A , the untreated cells maintained their original structure and exhibited normal smooth surface. When cultured in 0.5 MIC CIN, cells became rough and wrinkled (Fig. 2B ). In addition, the E. coli incubated in 1.0 MIC CIN were distorted in original shape and some cells even collapsed, which can be seen in Fig. 2C . At 2 MIC CIN (Fig. 2D) Brochothrix thermosphacta cells were changed after being cultured in media added with thymol, carvacrol, limonene, eugenol, and cinnamaldehyde. The SEM images suggested that these natural antibacterial substances had anti-bacteria abilities that influenced membrane integrities [19] . In short, the observation demonstrated that CIN has significant effect on the structure of cell membrane and can make it rough, wrinkled, distorted, collapsed and even rupture depending on concentration.
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The interaction of CIN with DNA
Many antimicrobials can not only destroy cell membrane, but also have impacts on other structures, such as DNA, RNA and so on [21] . Therefore, in order to detect whether CIN is able to interact with DNA, research was carried out using fluorescence techniques [22] [23] . As shown in Fig 3A, CIN [25] . These values were both higher than the K value obtained here.
However, the K value of the substances binding with DNA via grooves was roughly similar to this value [26] . Therefore, it can be inferred that CIN may also interact with DNA in the grooves.
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In this work, UV absorption spectroscopy was used to analyze the significant affects of CIN on DNA. Circular dichroism (CD) technique can provide information about the absolute configuration of organic compounds, conformation and reaction mechanism, which is a powerful and useful tool to study the binding between small molecules and DNA [27] [28] . As shown in Fig 3D, the negative band at 245 nm showed that this DNA had a right-handed helicity. Additionally, the positive band at around 275 nm corresponded to base stacking, implying that it was a typical B-DNA structure [29] .
As the concentration of CIN increased (1.0 to 2.0mM), a slightly gradual decrease shifting can be observed in the negative band, while no apparent change happened in the positive band. Previous studies showed that the intensities of the positive and negative band have no apparent change, when small molecules bind to DNA via minor grooves [30] [31] [32] and the wave patterns of our results were consistent with these studies, suggesting that CIN may combine with DNA in the mode of groove binding.
It was reported that Citral can suppress the growth of Aspergillus flavus because it interacts with DNA, changing the structure of DNA [21] . Hu et al have revealed that CIN influences the structure of cyanobacteria cell DNA, leading to the death of microorganism [33] . Therefore, it can be inferred that CIN binds to DNA via minor ACCEPTED MANUSCRIPT
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14 grooves, leading to disorders of gene expression, which could be taken as one of the antibacterial mechanisms of CIN.
Molecule simulation
In 
DNA observation
The observations of DNA are shown in Fig. 5 . As shown in Fig. 5A , the appearance of free DNA was smooth and distributed well across the surface of mica.
The mean height of untreated individual DNA was approximately 1.5 nm (Fig. 5C ).
However, the DNA after being treated with CIN (2.0 mM) was prone to be cross-linking and non-regular with a mean height of 3.1 nm (Fig. 5D ). These results analyzed by AFM images and CD spectroscopy imply that CIN influenced the structure of the DNA, especially the secondary structure, causing the DNA to aggregate together after treatment with CIN.
Discussion
There were 13 kinds of fatty acids compositions identified as the primary fatty acids in the E. coli membrane, including lauric acid (C12:0), tetradecanoic acid (C14:0), 2-hydroxytetradecanoic acid (2-OH C14:0), 3-hydroxytetradecanoic acid enhance their self-protection ability and thus resist adverse changes in the external environment [16] [17] . Generally, UFA have a small spatial structure and a low melting point, leading to an increase in membrane fluidity, while SFA have a relatively large structure and a high melting point, which reduces membrane fluidity [17] . Jean-Louis Nano et al have indicated previously that UFA can enhance membrane fluidity, but palmitic acid (a kind of SFA) didn't induce any obvious change [34] . The proportion of SFA to UFA in the E. coli cell membrane was increased with the increasing concentration of phenols [18] . An increase of UFA was found in S. Aureus membrane after addition of carvarol to the growth medium [35] . Consequently, the CIN sterilization mechanism may be related to cell membrane fluidity. Furthermore, our results were consistent with the images of SEM, which exhibited that the morphology of E. coli became wrinkled, distorted and even dissolved (Fig. 2) . Therefore, it can be inferred that CIN has significant impacts on cell membrane, by altering its fatty acids compositions to change cell membrane fluidity and surfaces, which can be deemed as one of its sterilization mechanisms.
Apart from the cell membrane, CIN also interacted with DNA via minor grooves by hydrogen bonding, potentially resulting in a disorder of gene expression. DNA spectral information, binding constant, binding mode and DNA structure were used to analyze the combination of CIN and DNA. The images (Fig. 3A, C, D) shown by fluorescence techniques and circular dichroism indicated that CIN might interact with DNA in the grooves, which is similar to previous studies [26, 31] . Besides, the showed aggregated DNA molecules after being treated with CIN. This result was consistent with a previous study which indicated that DNA changed to be cross-linking and non-regular after interacting with small molecules [28] . According to these above studies, CIN might generate its antibacterial influence by interacting with genomic DNA, and change DNA structure, especially DNA secondary structure, which can be taken as its sterilizing mechanism as well.
Our results revealed that CIN has potential antimicrobial abilities, including alteration and destruction of cell membrane and interaction with genomic DNA. It can be inferred that CIN has important impacts on E.coli cell membrane in order to enhance its permeability so that it can enter and spread throughout the interior of the cell. Besides, biological macromolecules within cells such as DNA, might be the CIN targets as well, and CIN destroys the original structure of DNA, significantly interfering gene expression, which effectively leads to cell death. 
Conclusions
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